of transmitter phenotypes, including cholinergic, serotonergic, catecholaminergic and nitrergic neurones in different neuronal groups. These observations support the view that GPR30 could act as a rapid transducer responding to oestrogen levels and thus modulate the activity of central autonomic pathways.
Introduction
Neurones throughout the central nervous system (CNS) can be exposed to oestrogen crossing the bloodbrain barrier from the circulation or generated locally in the brain by aromatase enzyme activity [1] , resulting in various genomic and more rapid, non-genomic effects [2] . Studies on male and female rats clearly demonstrate that direct application of oestrogen in brainstem autonomic centres elicits significant changes in autonomic tone and baroreflex function [3] [4] [5] . These centres include the nucleus of the solitary tract (NTS), concerned with coordination and integration of sensory afferent inputs, including those from the cardiovascular system, and the ventrolateral medulla (VLM), which contains the pressor (sympathetic) and depressor (parasympathetic) autonomic output neurones sited in the rostral VLM (RVLM) and nucleus ambiguus (NAmb), respectively [6, 7] . These medullary autonomic nuclei are influenced by descending projections from higher brain regions containing oestrogen receptive neurones, including hypothalamic areas, such as the paraventricular nucleus (PVN) and the midbrain periaqueductal gray (PAG) [6, [8] [9] [10] . The actions of oestrogen in these multiple brain areas, which interact to determine autonomic outflow, may contribute to coordinating physiological and behavioural changes associated with reproductive cycles. Moreover, there is a considerable body of evidence showing that changes in the levels of circulating oestrogen that occur over the oestrous cycle and following ovariectomy are correlated to variations in baroreflex function, blood pressure (BP) and heart rate (HR) [11] [12] [13] [14] .
The diverse effects of oestrogen are elicited via oestrogen receptors (ERs). Transcriptional effects are mediated by two isoforms of 'conventional' ER -ER ␣ and ER ␤ -which have been localised to cell nuclei in several brain areas involved in autonomic regulation [15] . The possibility that other plasma membrane-associated ERs might be implicated in a wide variety of neural and extraneural targets of oestrogen action has received much debate, since specific binding sites for oestrogen were described at the outer surface of isolated endometrial cells [16] . One such membrane receptor is an orphan G protein-coupled receptor GPR30 [17, 18] , which mediates oestrogen's rapid actions via second messenger signalling pathways. However, there is still some debate over GPR30's cellular localisation as it has been proposed as an intracellular transmembrane ER at the endoplasmic reticulum but was also reported in electron microscopic immunohistochemical studies to be present at the plasma membrane of CA2 pyramidal neurones [19] .
The distribution of GPR30 immunoreactivity in adult rat brain has already been described, identifying cells in the hypothalamic PVN and supraoptic nuclei, hippocampus, substantia nigra and pituitary [20] [21] [22] . In the medulla oblongata, GPR30-immunoreactive cells were noted in areas involved in autonomic control, including the area postrema, the NTS, the dorsal vagal nucleus (DVN) and NAmb [20, 23] . The expression of conventional ERs is reported to alter over the rat oestrous cycle in response to fluctuations in circulating oestrogen [24] [25] [26] [27] , but while GPR30 expression levels are related to the oestrous cycle in the hamster ovary [28] , similar changes in GPR30 expression in the CNS have not been investigated.
This study uses quantitative real-time PCR and immunohistochemistry to investigate GPR30 expression in the rat brain and to assess changes in expression of this putative cytoplasmic ER over the oestrous cycle and following ovariectomy. We explore whether the resultant fluctuations in circulating oestrogen levels have effects on GPR30 expression in a number of brain areas recognised as contributing to the control of autonomic function. Our working hypothesis was that expression of GPR30, like ER ␣ , might be influenced by circulating levels of oestrogen, which could indicate a functional role in mediating rapid actions of oestrogen on the central neural networks responsible for initiating cardiovascular responses, with possible implications for post-menopausal cardiovascular disease.
Preliminary data from this study was presented at the 5th Congress of the International Society of Autonomic Neuroscience (ISAN) in Kyoto, October 5-8, 2007 [29] .
Methods
Adult (12-to 14-week-old) Wistar male (200-250 g) and virgin female (200-250 g) rats were supplied by University of Leeds Central Biomedical Services and bilaterally ovariectomised (OVX) rats (200-280 g) were supplied by Harlan. Age-/weight-matched sham-operated females underwent a similar surgical procedure but without ovary removal. All rats were housed in groups of 4 with 12-hour light/dark cycles (lights on 06: 00 h) with free access to food and water and were left for 3 weeks following surgery. Oestrous cycle stages of intact females were monitored for 2 weeks prior to experimentation by microscopic analysis of vaginal smear exfoliative epithelia taken twice daily at 10: 00-11: 00 h and 15: 00-16: 00 h, and only those exhibiting a regular 4-to 5-day cycle were used. Oestrous cycle stages were identified as metoestrus (lowest circulating oestrogen levels), dioestrus, proestrus (highest circulating oestrogen levels) and oestrus. Procedures for tissue collection and perfusion fixation were performed under anaesthesia (5% halothane in 1 95% O 2 ) between 11: 00 and 13: 00 h done in accordance with the regulations of the UK Animals (Scientific Procedures) Act, 1986.
Tissue Collection
Rats were killed by decapitation and blood samples collected for 17 ␤ -oestradiol assay using an ELISA kit (Cayman Chemicals: 582251). Oestrous stages and ovariectomy were confirmed at this point. Brains were removed, rapidly frozen on dry ice and coronal slices of 0.5-1 mm thickness were cut from the brainstem. Tissue punches were collected using a 0.69-mm corer under a ! 5 dissecting microscope from the hypothalamus, PAG, NTS and VLM. In addition, samples were taken from individual areas of the hypothalamus including the PVN, the lateral hypothalamic area (LH) and the arcuate (Arc), dorsomedial (DMH) and ventromedial (VMH) nuclei. Placement of the medullary punches was confirmed as previously described [30] .
RNA Extraction and PCR
Total RNA was isolated (SV Total RNA extraction system; Promega) and reverse transcribed as described previously [27] . PCR 16 was performed using GeneAmp Fast PCR Master Mix (Applied Biosystems) with 1-2 l of first-strand product as a template, in a GeneAmp Fast 9800 thermocycler (Applied Biosystems), with 0.4 M subtype-specific GPR30 primers (forward 5 -TGGCTGCAA-CTACTCCAGCA-3 , reverse 5 -CGTGGTGCTTGGTGCGGAA-3 ). Amplification was performed using parameters established previously [27] and products separated on 2% agarose gels containing ethidium bromide visualised under UV light. PCR products were confirmed by DNA sequencing on an ABI 3130XL genetic analyser using BigDye terminator cycle sequencing version 3.1. Negative controls included amplification of RNA (without reverse transcription) and water.
Real-Time PCR (qPCR)
Real-time PCR was performed on an ABI7500 system using Applied Biosystems TaqMan gene expression assays for rat GPR30 (Rn00592091_s1) in a MicroAmp 96-well optical plate as described previously [27] . Expression levels were normalised to rat ␤ -actin (Rn00667869_m1) performed in parallel as an endogenous control, as this showed no variation in expression between samples. Results were analysed using the comparative 2 -⌬ ⌬ C T method where C T is the cycle threshold number. All results were expressed relative to metoestrus (low oestrogen) values, which were normalised to 100%. Data are shown as mean 8 SEM. Statistical significance was determined using ANOVA followed by Bonferroni's multiple comparison test, with significance accepted at p ! 0.05.
Perfusion Fixation
Adult rats (n = 3 for each phase of the cycle and OVX) were perfused via the transcardial route with 200 ml Ames' medium (Sigma-Aldrich), then 500 ml 4% paraformaldehyde in 0.1 M phosphate buffer. Brains were post-fixed for 2 h in 4% paraformaldehyde, then stored in phosphate-buffered saline (PBS), pH 7.6. Coronal 50-m sections were cut on a vibrating microtome (VT 1000S; Leica Microsystems) and collected serially in a 24-well tissue culture plate (Costar-Corning) containing PBS.
GPR30 Antibody
This study used a rabbit antibody raised against a synthetic peptide mapping the C-terminal of the human GPR30 sequence, which shares 94% homology and identity with the rat sequence (NLS4272; Novus Biologicals). This antibody, used at 1/1,000 dilution (1 g/ml), is known to recognise GPR30 from a range of species including rodents and human. The specificity of the antibody was tested by preabsorption for 24 h at 4 ° C with 5 g/ml of two commercially available C-terminal peptides (Novus Biological and Santa Cruz).
Immunofluorescence Labelling
Free-floating sections were labelled by a standardised procedure as described previously [27] , with bound GPR30 antibodies visualised with a species-specific Cy3-conjugated anti-rabbit IgG (1/1,000; Jackson ImmunoResearch/Stratech Scientific). To identify the anatomical location and phenotype of structures labelled for GPR30, double fluorescence labelling was performed by simultaneously incubating sections with GPR30 antibody and antibodies to a number of different neurochemical markers: neuronal nitric oxide synthase (NOS) raised in sheep (1/10,000; gift of P. Emson), vasopressin (VP, guinea pig; 1/2,000; Peninsula Labs), choline acetyltransferase (ChAT; goat; 1/1,500; Chemicon), tyrosine hydroxylase (TH; mouse; 1/4,000; ImmunoStar) and 5-hydroxytryptamine (5-HT; rat clone YC5/45; 1/1,000; Abcam). Mouse monoclonal antisera to glial fibrillary acidic protein (GFAP; 1/500; Affiniti Research Products), vimentin (VIM; clone V9; 1/2,000; Sigma) and ER ␣ (ID5 clone; 1/100; Dako) were also used for dual labelling, as were antibodies to the following protein markers for specific intracellular compartments: transferrin receptor (TNFR; mouse; 1/500; Invitrogen) for endoplasmic reticulum; trans-Golgi network membrane protein (TGN38; sheep; 1/800; Serotec) for the Golgi system; lysosome-associated membrane protein (LAMP1; mouse; 1/1,000; Stressgen) for lysosomes. Sections were incubated in a mixture of species-specific secondary antibodies conjugated to Cy3 and to biotin (1/500; Jackson) for 2 h. The binding of the neuronal marker antibodies was visualised with streptavidin-Alexa 488 (1/1,000; Molecular Probes). Secondary antibody specificity was established by the absence of labelling on sections incubated with normal rabbit serum in place of primary antibody, and the species specificity was confirmed by tests on sections incubated with primary antibodies raised in an inappropriate species.
After washing in PBS, sections were mounted in Vectashield (Vector Labs) and examined on an AxioImager.Z1 microscope (Carl Zeiss) fitted with appropriate filter sets. Images were captured and processed with the Axiovision imaging system, including 'Apotome' confocal imaging and 'colocalisation' modules.
Quantitative Immunohistochemical Analysis
The numbers of neurones labelled by GPR30 antibodies per unit volume of tissue in defined brain regions was estimated using a three-dimensional counting method based on the 'optical dissector' and adapted for use on stacks of confocal images through thick sections [27] . The brain regions analysed were the PVN at 4 levels of sectioning from bregma -1.9 to -1.25 mm [31] ; the PAG at 4 levels from -5.4 to -8.0 mm [32] ; the RVLM at 4 levels from -11.6 to -12.6 mm [32] , and the medial subnucleus of NTS at 4 levels from -13.6 to -14.2 mm [32] . To ensure consistent positioning of areas sampled in sections through these regions, alternate sections were dual labelled with antibodies to NOS and TH (or VP for the PVN). In the case of the PAG, ventrolateral and dorsolateral zones were analysed separately. Stacks of confocal images were captured at 1-m z-steps through a 20-to 30-m depth of the section using the ! 20 objective and Apotome illumination and labelled cells were counted as previously described [27] . Numbers of cells displaying double labelling were counted and expressed as a percentage of GPR30-positive neurones and NOS-, TH-or VP-positive neurones. All counts were performed blindly by a single observer, and only neuronal profiles displaying a continuous ring of immunoreactive cytoplasm around an unlabelled nucleus were included.
Results

Expression of the GPR30 mRNA in the Rat Brain over the Oestrous Cycle
Plasma oestrogen concentrations measured using ELI-SA showed that levels increased from metoestrus (13.36 8 2.66 pg/ml) to dioestrus (23.63 8 2.34 pg/ml), then peaked during proestrus (42.35 8 0.26 pg/ml) before decreasing in oestrus (12.80 8 1.10 pg/ml). PCR analysis was performed on cDNA samples taken from the hypothalamus, PAG, NTS and VLM at each of the 4 stages of the oestrous cycle and from male rats (n = 6, each group). GPR30 mRNA was expressed in all the areas tested ( fig. 1 A) and was present at each stage of the oestrous cycle, as shown in the NTS ( fig. 1 B) . The veracity of the PCR products was confirmed by DNA sequencing. No amplification products were detected in the negative control reactions.
Real-time PCR on males (n = 6) and females (n = 6 per oestrous phase) performed on tissue taken from the hypothalamus, PAG, NTS and VLM revealed variations in GPR30 expression across the oestrous cycle. In general, the level of expression in the male animals was lower than that in the females with significantly lower levels in the PAG (p ! 0. Changes in GPR30 mRNA expression levels over the oestrous cycle. A GPR30 PCR products (520 bp) were separated on 2% agarose gels stained with ethidium bromide (n = 6). GPR30 was detected in the hypothalamus (Hypo), nucleus of the solitary tract (NTS), ventrolateral medulla (VLM) and periaqueductal gray (PAG) in both male and female animals (shown here in the male). B Amplicons were present at each stage of the oestrous cycle, metoestrus (Met), dioestrus (Dio), proestrus (Pro) and oestrus (Oest) (shown here in the NTS). C-F Relative expression of GPR30 mRNA was measured using real-time PCR (n = 6 of each), normalised to a ␤ -actin internal control. All results were compared to metoestrus, which has been normalised to 100%. Results shown are the mean 8 SEM and differences analysed by an ANOVA with Bonferroni's post-hoc test. In the hypothalamus ( C ) GPR30 levels showed little variation between the oestrous stages. In the PAG ( D ), NTS ( E ) and VLM ( F ) the levels of GPR30 increased throughout the cycle with significantly higher levels in proestrus compared to metoestrus ( * p ! 0.05, * * p ! 0.01), and oestrus compared to both metoestrus ( * * p ! 0.01) and dioestrus ( * p ! 0.05). In all three areas the levels in the male animal were significantly decreased compared to oestrus ( * * p ! 0.01, * * * p ! 0.001).
0.05). Analysis of the NTS ( fig. 1 E) and VLM ( fig. 1 F) revealed a similar result with the expression of GPR30 significantly increased in proestrus (p ! 0.05) compared to metoestrus, and oestrus compared to both metoestrus (p ! 0.01) and dioestrus (p ! 0.05).
Expression of the GPR30 mRNA in the Rat Brain following Ovariectomy
Expression levels in tissue samples from OVX rats were compared with those from sham-operated females during metoestrus (low oestrogen) and proestrus (high oestrogen) phases (n = 6 each group). PCR analysis revealed GPR30 mRNA expression in the LH, Arc, PVN, DMH, VMH, PAG, NTS ( fig. 2 A) and VLM of each group, confirmed by DNA sequencing.
Real-time PCR showed that expression levels of GPR30 in the sham-operated animals were comparable to the levels observed in the intact females, confirming that the sham operation had no effect on GPR30 expression. In the LH, Arc, DMH and VMH, GPR30 mRNA expression levels in the OVX females were not significantly different to those observed in both groups (high Changes in GPR30 expression following ovariectomy. In the ovariectomised females (OVX) and the sham-operated controls sampled during low oestrogen phases (SL) and high oestrogen phases (SH) GPR30 was detected in the hypothalamus, NTS, VLM and periaqueductal gray (PAG) (shown here in the NTS ( A )). Relative expression of GPR30 mRNA was measured in OVX female rats and sham-operated animals sampled during met/dioestrus (Sham-Low) and proestrus (Sham-High) using real-time PCR (n = 6 of each), normalised to a ␤ -actin internal control. All results were compared to the sham-operated animals sampled in met/dioestrus (Sham-Low), which has been normalised to 100%.
Results shown are the mean 8 SEM and differences analysed by an ANOVA with Bonferroni's post-hoc test. In the PVN ( B ) and PAG ( C ), decreased GPR30 mRNA levels were seen following ovariectomy compared to the sham-operated controls (PVN * p ! 0.05 vs. metoestrus, PAG * p ! 0.05 vs. proestrus). The decrease in the PVN ( B ) was significantly lower ( * p ! 0.05) compared to the sham animals sampled in metoestrus (Sham-Low).
In the NTS ( D ) and VLM ( E ) increased GPR30 mRNA expression was observed in the OVX animals, with significantly higher levels in the VLM ( E ) of the OVX compared to the sham animals in metoestrus ( * p ! 0.05). and low oestrogen phases) of sham animals (not shown). Analysis of tissue taken from the PVN ( fig. 2 B) revealed significantly less GPR30 mRNA in the OVX animals compared to the sham females sampled during metoestrus (p ! 0.05). GPR30 mRNA levels also appeared to be lower in the PAG of the OVX animals compared to both the sham groups (p ! 0.05 OVX vs. proestrus) ( fig. 2 C) . In contrast, in the medullary nuclei, the NTS and VLM ( fig. 2 D, E) , the levels of expression of GPR30 mRNA were greater in OVX females compared to the controls (VLM, p ! 0.05 OVX vs. sham-low).
Immunohistochemical Localisation of GPR30
GPR30-like immunoreactivity (GPR30-LI) was present in neurones of many anatomical divisions of the brain, but these displayed a rather variable appearance. GPR30-positive neurones were often intensely labelled, with GPR30-LI apparently outlining a network of membranes or cisternae within the cytoplasm of the soma and proximal dendrites, in some cases closely associated with the plasmalemma ( fig. 3 A) . We refer to this as the intensely labelled type of GPR30 neurone. Other, more numerous neurones displayed a less intense, more homogeneous immunoreactivity within their cytoplasm ( fig. 3 D) . Immunoreactivity was abolished by preabsorption of the antiserum with C-terminal peptides ( fig. 3 B, C and E, F) . The extensive colocalisation with TGN38 immunoreactivity suggested that this pattern of labelling represented expression predominantly within the Golgi apparatus ( fig. 4 I) . On the other hand, intracellular GPR30-LI was distinctly different from both TNFR1 and LAMP1 immunoreactivities (not shown). There appeared to be no major differences in the overall pattern of distribution of GPR30-LI within the brains of male, female or OVX female rats. Hypothalamus Small immunoreactive neurones of the intensely labelled type referred to above were scattered in the ventral hypothalamus, including the Arc ( fig. 4 C) and VMH ( fig. 4 D) . These appeared mostly to be distinct from neurones expressing NOS or TH ( fig. 4 C) and they did not show nuclear expression of ER ␣ ( fig. 4 D) . The PVN contained densely packed neurones of the less intensely labelled type displaying more homogeneous GPR30-LI, with some overlap with populations of neurones expressing VP ( fig. 4 A) or NOS ( fig. 4 B) , but not with TH ( table 1 ). Quantitative immunohistochemical analysis suggested that the volume density of neurones expressing GPR30-LI was significantly reduced in the PVN of OVX rats compared to females in metoestrus or proestrus, with similar numbers to those found in males ( fig. 6 A) . There was also a reduced proportion of NOS-immunoreactive neurones in the PVN showing GPR30-LI in OVX females compared to both sham-operated groups ( table 1 ). Small cells with GPR30-LI occurred along the walls of the third ventricle, sometimes close to the ependymal layer and were particularly noticeable at the levels of the anterior preoptic recess, median eminence and mammillary recess ( fig. 4 F) . The suggestion of an association with circumventricular organs was reinforced by the conspicuous GPR30-LI in small cells and neuropil in the subfornical organ (SFO) and subcommissural organ (SCO). Scattered GPR30-positive neurones extended from the hypothalamus into the thalamus, where they formed prominent bilateral groups spread across the posterior paraventricular thalamic nucleus (PVP) and precommissural nucleus (PrC). These were distinct from a prominent group of NOS-positive cells in the posterodorsal thalamus ( fig. 4 E) . Midbrain/Pons Neurones containing GPR30-LI formed discontinuous groups in the ventrolateral and dorsolateral divisions of the PAG (vlPAG and dlPAG). Some of these were of the intensely labelled type, but most showed less intense labelling. They were distinct from any TH-immunoreactive neurones ( fig. 5 A) and showed partial colocalisation with NOS-positive neurones ( fig. 5 B) , in both areas. GPR30 neurones were far more numerous in the vlPAG ( fig. 6 C) than in the dlPAG ( fig. 6 B) , but in both zones the numbers were significantly decreased in OVX compared to proestrus females, resulting in numbers of immunoreactive neurones similar to the numbers found in males ( fig. 6 B, C) . The proportion of NOS-positive neurones displaying GPR30-LI was similarly decreased in OVX ( table 1 ) . On sections at similar levels, GPR30 labelling was present in the large mesencephalic trigeminal neurones, while more ventrally immunoreactivity was observed in the dorsal raphe nucleus (DR), Edinger-Westfal nucleus (EW), parapontine tegmental nucleus (PPTg), laterodorsal tegmental nucleus (LDTg), cochlear nucleus, ventral tegmental area (VTA), substantia nigra (SN) and pontine nucleus (Pn). In these areas, variable numbers of GPR30-positive neurones were observed that often coexpressed ChAT (EW and LDTg; fig. 5 C) , NOS (LDTg, PPTg and DR), 5-HT (DR) and TH (VTA and SN).
Medulla Oblongata
In the NTS and VLM, colocalisation of GPR30-LI was found in 30-40% of cells expressing NOS ( fig. 5 E; table 1 ) . Neurones of the catecholaminergic groups showed variable levels of GPR30-LI, for example in most A2 neurones of the NTS ( fig. 5 D) and subpopulations of A1 and C1 neurones in the VLM ( fig. 5 G; table 1 ). The numbers of immunoreactive neurones in both the NTS and RVLM appeared slightly increased in OVX females compared to metoestrus and proestrus ( fig. 6 D, E) , but not significantly so except for the VLM (p ! 0.01 vs. metoestrus), which also contained higher numbers of neurones with GPR30-LI in males ( fig. 6 E) . The proportion of TH-positive neurones was increased in OVX compared to metoestrus females (p ! 0.05; table 1 ). Distinct GPR30 labelling was seen in almost all the large, cholinergic neurones of the DVN and NAmb and generally in the cranial motor nuclei (e.g. NAmb; fig. 5 F) partial coexpression of GPR30-LI with ChAT was evident. In other areas of the medulla, large neurones of the intensely labelled type were prominent in the raphe magnus (RM), raphe pallidus (RPa), gigantocellular (Gi) and parapyramidal (pPyr) reticular areas of the ventromedial medulla ( fig. 3 A, 5 H) with GPR30-LI present in the majority of 5-HT-positive neurones in these areas ( fig. 5 I) .
Discussion
The results presented here confirm expression of GPR30 in neurones of several autonomic nuclei of the rat brain using quantitative real-time PCR and immunofluorescence labelling. While GPR30 has already been localised in neurones of some of these brain areas using immunohistochemistry [20, 21, 33, 34] , the levels of protein expression have not been investigated. Furthermore, previous studies looking at GPR30 mRNA expression in the rodent [21, 22, 35] focused on only a few selected brain areas in animals at specific stages of the oestrous cycle and following ovariectomy. Our study is the first to examine the mRNA expression in key autonomic nuclei over the entire oestrous cycle and in OVX animals. At the same time, we have performed a quantitative analysis of GPR30-LI in these areas using stereological methodology based on a novel application of confocal imaging. Our findings indicate that changes in GPR30 expression might occur in areas of the rat brain associated with central autonomic control in response to fluctuations in oestrogen levels over the oestrous cycle.
Our PCR and immunohistochemistry data suggest that neurones expressing GPR30 are similarly distributed in areas of the hypothalamus and medulla oblongata in age-matched female and male rats. This is in agreement with other studies that reported no gender differences in the pattern of GPR30 expression [20, 36] . However, when we examined the expression levels of males and females at different stages of the oestrous cycle, we found that GPR30 mRNA levels in male rats were comparable to those of the metoestrus female rats but were considerably lower than the levels seen in the proestrus and oestrus females. The numbers of neurones showing GPR30-LI tended to be lower in males in most brain areas examined except the VLM, as revealed by quantitative immunohistochemistry, which we assume to give a rough indication of overall protein expression levels of GPR30.
It has already been shown that the expression of the classical ER ␣ subtype changes in response to the levels of circulating oestrogen in many areas of the rat brain including the Arc, VMH and preoptic hypothalamus [24, 26, 37] and the NTS [27] . In examining expression in the PAG, NTS and VLM over the 4 stages of the oestrous cycle, we found significant changes in GPR30 mRNA levels, with the lowest levels observed during metoestrus, when oestrogen levels are low. Expression then increased over the cycle with greater expression in proestrus, when oestrogen is at its highest, peaking during oestrus when oestrogen levels fall again. These results suggest that GPR30 mRNA expression might be regulated by the levels of circulating gonadal steroids. However, while there seems to be a correlation between low oestrogen levels and low levels of GPR30 mRNA and vice versa it should be noted that GPR30 expression does not appear to decline dramatically after ovulation when oestrogen levels fall in oestrus. This may reflect a delay in the response as a result of the time taken for the up-or down-regulation of mRNA production. The only previous study to report changes in GPR30 expression was performed in hamster ovarian cells, where they reported increased mRNA and protein levels during dioestrus [28] . In in vitro systems, stimulation of transfected cell lines with oestradiol has been shown to cause translocation of GPR30 from the cell membrane into the cytoplasm [19, 38] . Variations in HR, BP, baroreceptor reflex sensitivity (BRS) and cardiac autonomic activity have been observed in intact female rats over the oestrous cycle [13, 14] and hypertension is known to develop following ovariectomy, after an initial fall in BP and BRS in the first 1-2 weeks [12, 13] . Phases of the cycle when oestrogen levels are high are associated with increases in mean arterial BP and BRS and these variations are abolished following ovariectomy [11, 13, 39] . Numerous studies have shown oestrogen to have a modulatory effect on autonomic outflow and baroreflex function [23, 40] . Increases in parasympathetic tone and BRS were observed following bilateral injection of oestrogen into the NTS and NAmb [3, 4] , whereas sympathetic tone was significantly decreased following injection into the NTS and VLM [4] . If these responses are due to the activation of ERs in these areas, then it is possible that the beneficial effects may be due in part to rapid, non-transcriptional oestrogenic actions via GPR30. A recently generated GPR30 knockout mouse model displays increased BP, hyperglycemia and impaired glucose tolerance, and reduced body growth [35] but shows no impairment of reproductive function [41] . This suggests that GPR30 may have functional roles distinct from the classical ERs, concerned with homeostatic/autonomic regulatory, rather than reproductive processes.
OVX animals were maintained for 3 weeks following surgery before GPR30 mRNA expression levels were assessed: at this time point the changes in BP, HR and BRS are expected to be established and stable [11, 12] . The effects of oestrogen removal on the expression of GPR30 varied between the brain areas analysed. In the medullary nuclei (NTS and VLM), GPR30 mRNA appeared to be increased in OVX rats compared to the sham-operated controls. However, in contrast, in the PVN of the hypothalamus and the midbrain PAG, the levels of GPR30 mRNA expression appeared decreased. This suggests different mechanisms regulating GPR30 expression in different brain regions, with either differential sensitivity of neurones to circulating oestrogen levels, or other regulatory factors having an overriding importance in certain brain areas. The non-genomic regulation of neural activity by oestrogen is highly complex and is also dependent on local aromatase enzyme activity, which is in turn influenced by circulating hormone levels [1, 42] . Groups of aromatase-positive neurones have been reported in broadly the same areas of the avian and mammalian brain, including the PVN, PAG and NTS as those in which we describe GPR30 neurones [43, 44] .
The distribution of GPR30-LI within the brain supports the PCR data and indicates expression of the receptor protein in neurones in nuclei or areas known to be concerned with autonomic regulation, including the PVN, PAG, NTS and VLM. Quantitative immunohistochemistry to assess the numbers of neurones displaying GPR30-LI in these areas generally confirmed the changes in expression in OVX animals observed with PCR. Dual labelling studies suggested that GPR30 is not expressed predominantly in any one particular neuronal phenotype; for example in different areas of the medulla, coexistence could be variously observed in TH-positive catecholaminergic neurones (e.g. NTS and VLM), ChATpositive cholinergic neurones (e.g. DVN, cranial motor nuclei), NOS-positive nitrergic neurones (PVN, NTS, PAG) and 5-HT-positive serotonergic neurones (raphe nuclei). The very prominent, strongly GPR30-immunoreactive gigantocellular neurones within the rostral ventromedial medulla were mostly separate from NOS and 5-HT-positive cells. This region is known to have extensive reciprocal connections with many brain areas, such as the hypothalamus and PAG and the spinal cord [45] and is associated with autonomic functions, including thermogenesis [46] and antinociception [47] . In the hypothalamic PVN, known to have important roles in functions influenced by oestrogen such as reproductive behaviour, body fluid homeostasis and BP regulation, particularly through regulating sympathetic activity in response to stress [48] , GPR30-LI was observed in subpopulations of VP and NOS-immunoreactive neurones. This is contrary to the findings of an earlier study on 10-week-old male and female Sprague-Dawley rats that detected GPR30 only in oxytocin neurones of the PVN [21] . In the PAG, neurones showing GPR30-LI were mostly separate from the NOS-immunoreactive population and were far more numerous in the sympathoinhibitory ventrolateral column [9, 49] . However, a similar decrease in GPR30-LI was seen in the dorsolateral PAG, the 'hypertensive' area associated with the defence reaction [10] .
Other neurones displaying GPR30-LI, for example those in the posterodorsal thalamus (overlapping the PVP and PrC), fall outside recognised anatomical or functional divisions of the brain, and so their significance remains to be established. There is a question as to whether these cells might actually belong to the rostralmost extension of the PAG; however, neuronal tracing studies have demonstrated that this area of the thalamus is a target of extensive axonal projections from PAG neurones [50] . A further rather unexpected and potentially interesting finding was the presence of aggregations of GPR30-LI in the neuropil and small cells scattered along the subependymal layer of the third ventricle (e.g. mammillary recess) and within the circumventricular organs, where the blood-brain barrier is lacking (e.g. the SFO and SCO). This has not been previously reported, but may indicate a role for GPR30 in mediating the actions of oestrogen on transport and exchange between brain tissue, the blood and the cerebrospinal fluid that warrants further investigation. The circumventricular organs may offer a further route by which oestrogen is capable of exerting generalised central actions concerned with bodily homeostasis, behaviour and neuronal development [51] .
Our investigation of the subcellular distribution of GPR30-LI within neurones revealed a high degree of colocalisation with TGN38, indicating a localisation mainly within the Golgi system, in agreement with the findings of previous studies using different GPR30 antisera [21, 22] . This predominantly intracellular localisation in neurones does not necessarily rule out a functional receptor role for GPR30 expressed at the plasmalemma. It may be that the antibodies we used preferentially recognise a precursor form of GPR30 or when inserted into the plasmalemma the mature receptor is modified in some way that impairs recognition. As GPR30 has been localised to the cell membrane in transfected cells [17, 19, 52] , this may indicate that the concentration of receptor present at the cell membrane is normally below the threshold of immunohistochemical detection. Alternatively, since gonadal steroids can freely diffuse through cell membranes, GPR30 could fulfil a receptor role by interaction with oestrogen on membranes of the Golgi apparatus.
The variations in GPR30 expression levels over the oestrus cycle and following ovariectomy suggest that its regulation may be under the influence of circulating oestrogen levels. This combined with its presence in areas of the brain involved in autonomic regulation, in particular the pathways of baroreflex control may have direct consequences for the regulation of autonomic tone and baroreflex sensitivity, for example when the oestrogen levels decline following menopause. However, these results only provide a limited insight into what is a highly complex pattern of oestrogen signalling throughout the rat brain, which appears to have a high degree of regional specificity.
